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ABSTRACT : PURPOSE: To make generated thrust constant by matching the inside periphery of a 

permanent magnet, whose cross section in the longitudinal direction is defined by one part 
each of two parallel circular arcs, elliptical arcs, or hyperbolas, to projections provided at a 
field iron core. 

CONSTITUTION: The longitudinal sectional form of a permanent magnet 13 is defined by 
one part each of two parallel circular arcs, two parallel elliptical arcs, or two parallel 
hyperbolas, and projections 1 1 , with which the inside periphery of the permanent magnet 
13 can match, are provided at regular intervals in the longitudinal direction on the face 
opposed to an armature iron core 3, of a field iron core 1 0, thus these projections 1 1 and 
the inside periphery of the permanent magnet 13 are matched with each other. And it is so 
arranged that the magnetic poles appearing at the top of the permanent magnet 13 may 
appear alternately as N pole, S pole. Accordingly, the permanence of a magnetic circuit is 
highest at the center of the permanent magnet 13, and becomes lower as it goes to the 
end, and becomes lowest between adjacent permanent magnets 13. Hereby, the space 
distribution of a field magnetic fluxes approximates a sine wave, and the thrust applied to 
the field iron core 10 can be made a smooth constant value. 
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© SYNCHRONOUS MOTOR. 

© A synchronous motor has an alternate arrange- 
ment of N-poles and S-poles in a field system and is 
^driven by sinusoidal current in a three-phase star 
^connection. The magnetic flux distribution in the 
gaps between the armature and the field system 
CO induced by the N- and S-poles (M1, MV) is repr- 
esented by a trapezoidal curve (12). This curve is 
derived from a combination of a fundamental sine 
CD wave (11) having a period equal to the pole pitch 
W defined by a pair of adjacent field poles (M1, MV) 
Oand the 3Nth harmonic (N is a natural number). 
qj Torque ripples are thus decreased, and a large 
Uj torque is obtained. 



Fig.1 
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DESCRIPTION 

TITLE OF THE INVENTION 
Synchronous Motor 
TECHNICAL FIELD 

The present invention relates to a synchronous 
motor having a three-phase star connection which is 
supplied with a sine wave power and provides a large 
output torque although small in size. 

BACKGROUND ART 

In the prior art, the profile of a magnetic pole is 
designed such that a distribution of a magnetic flux in 
a gap between an armature and a magnetic pole is 
sinusoidal to obtain a smooth operation of a synchronous 
motor driven by three-phase-sine-waves . 

In actuality, however a magnetic flux distribution 
other than a sinusoidal distribution in the gap exists , 
by which a counterelectromotive force between terminals 
among terminals of a three-phase star connection is made 
be sinusoidal when three-phase windings of the armature 
are connected in this star connection manner. The size 
and configuration of the prior magnetic pole is 
restricted , to make the distribution of the magnetic 
flux in the gap sinusoidal, and therefore, the magnetic 
pole is not always satisfactory in view of a required 
increase of an output torque. Further even if an 
intensity of a magnetic field generated by the magnetic . 
pole is raised, in an attempt to increase the output 
torque, the raising of the output torque is saturated 
due to the presence of a saturation magnetic flux 
density which is an original characteristic of the 
materials of a stator core or a yoke existing on a 
magnetic path. 

DISCLOSURE OF THE INVENTION 

Accordingly, an object of the present invention is 
to increase an output torque and to obtain a smooth 
rotation, without raising the maximum density of a 
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magnetic flux in the gap. 

In view of the above object, the present invention 
provides a synchronous motor having a three-phase star 
connection which is supplied with a sine wave power, and 
5 a field system having an N-pole and an S-pole are 

alternately arranged thereon, characterized in that a 
distribution of a magnetic flux in a gap clearance 
between an armature and the field system is produced by 
summing up a sine wave having a fundamental period which 

10 corresponds to a pitch at which a pair of magnetic poles 
consisting of the N-pole and the S-pole are arranged 
adjacent to each other and higher harmonics of three 
times order of a natural number N. 

When a distribution of the magnetic flux in the gap 

15 is produced by adding higher harmonics of 3-N order to a 
sine wave having a fundamental period which is a pitch 
of a pair of magnetic poles consisting of an N-pole and 
S-pole adjacent to each other in a three-phase 
synchronous motor having a star connection, a 

20 counterelectromotive force between each two terminals 
among terminals of the star connection is a sine wave, 
because said higher harmonics of 3-N order are cancelled 
at each two phases of three phases. Therefore, a smooth 
rotation is achieved as torque ripple is reduced in a 

25 synchronous motor when a size and a conf iguration of the 
magnetic pole is formed so that higher harmonics of 3*N 
order are added to a fundamental sine wave to produce a 
distribution of a magnetic flux in the gap generated by 
the magnetic pole. Furthermore, an amount of magnetic 

30 flux is increased to enable a large output torque to be 
obtained without raising the maximum density of a 
magnetic flux in the gap. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is an explanatory view of a distribution 
35 of a magnetic flux of a magnetic pole of a magnet as a 
first embodiment according to the present invention; 
Figure 2 is a. view of an experimental 
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counterelectromotive force when the magnet shown in 
Fig* 1 is used; 

Figure 3 is a plan view of the prior magnet showing 
a profile thereof; 

Figure 4 is a view of a distribution of a magnetic 
flux generated by the magnet shown in Fig. 1; 

Figure 5 is a view showing an output torque 
obtained by simulation analysis when the magnet shown in 
Fig* 1 is used; 

Figure 6 is a view of a distribution of a magnetic 
flux generated by the magnet shown in Fig. 3; 

Figure 7 is a view showing an output torque 
obtained by simulation analysis when the magnet shown in 
Fig. 3 is used; and 

Figure 8 is a partial sectional view showing a yoke 
magnetic pole as a second embodiment according to the 
present invention. 

BEST MODE OF CARRYING OUT THE INVENTION 
The present invention will be described in detail 
hereinafter according to the embodiments shown in the 
attached drawings. Figure 1 shows an expanded plan view 
of a magnetic pole of a magnet applied on a surface of a 
rotor as a field system in a synchronous motor having a 
three-phase star connection which is supplied with a 
sine wave power according to the present invention, with 
a distribution of a magnetic flux generated by the 
magnet. In the embodiment, the magnet Ml {Ml') has the 
shape of a parallelogram, and a pitch L of the magnets 
in a circumferential direction (H) of the rotor 
coincides with a maximum width il of the magnet Ml in 
the same direction. It is apparent that a 
distribution B of the magnetic flux of the magnet Ml has 
a trapezoid shape with a top side thereof being a 
constant value in the circumferential direction (g) 
between points P2 and P4 . A comparison of the 
distribution of a magnetic flux shown by the trapezoid 
wave 12 and a sine wave distribution 10 of a magnetic 
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flux shown by a dotted line 10, a maximum density of a 
magnetic flux thereof being the same as that of the 
trapezoid wave, will be mentioned later. The wave 
remaining after the higher harmonics of 3-N order are 
subtracted from the trapezoid wave 12 is substantially 
equal to the sine wave 11. Therefore, a 

counterelectromotive force generated by the distribution 
of the magnetic flux shown by the trapezoid wave 12 is 
substantially equal to a counterelectromotive force 
generated by the sine wave distribution 11. From this 
point of view, the trapezoid wave 12 is equal to the 
sine wave 11 . 

A counterelectromotive force measured at each two 
phase terminals is a sine wave 14, as shown in Fig. 2, 
when a rotor provided with a magnet Ml rotates because 
the high harmonics of 3-N order cancel each other out 
due to a shift by an electric angle of 2*73 in each 
phase U, V, W in the case of a three-phase connection 
when a distribution of a magnetic flux in the gap is 
substantially equal to the trapezoid wave produced by 
adding the higher harmonics of 3»N (N is a natural 
number) order to a sine wave having a fundamental period 
corresponding to the arrangement angular pitch of a pair 
of magnets Ml and Ml' adjacent to each other, that is, a 
width 2 x 21. Figure 2 shows a counterelectromotive 
force of a trapezoid wave 16 generated in one phase and 
the counterelectromotive force of the sine wave 14 
measured at each two phase terminals U-V, V-W, W-U, 
which two waves are obtained experimentally. An 
analysis of the counterelectromotive forces 14 and 16 is 
effected by an FFT analyzer whereby higher harmonics of 
3.N order are seen in the counterelectromotive force 16 
of one phase, but are not seen in the 
counterelectromotive force 14 between two phase 
terminals . 

* A larger magnetic flux by an amount corresponding 
to a hatched area in the case of the trapezoidal 
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distribution 12 of a magnetic flux in the gap produced 
by the magnet Ml (P1P2P3P4) shown in Pig. l, than in the 
case of the prior distribution of an ideal sine wave 
shown by a dotted line 10, is obtained, and thus a 
larger output torque is obtained. A sine wave 
distribution having the same effect as that of the 
trapezoidal distribution 12 of a magnetic flux in the 
gap is a sine wave 11 equivalent to the trapezoidal 
distribution 12 of a magnetic flux as mentioned above, 
and in this case, the maximum density B max of a magnetic 
flux becomes large. A saturated density of a magnetic 
flux exists in a material such as a steel constructing a 
core or a yoke. When a density of a magnetic flux in 
the gap is high, the high density of a magnetic flux 
does not necessarily contribute to an output torque, 
therefore, the trapezoidal distribution of a magnetic 
flux wherein the maximum density B m=v of the magnetic 
flux is small and the amount of the magnetic flux is 
large is preferred. 

The measurement of the counterelectromotive force 
shown in Fig. 2 is made on a synchronous motor having 
108 slots and 24 poles, wherein a dimension £1 
corresponds to 4 . 5 slots and a dimension £2 to 3.7 
slots. The ratio of the dimensions is a design value in 
view of the reduction of a cogging torque and the raise 
of an amount of a magnetic flux. A rotor provided with 
the magnet Ml may be positioned inside or outside of a 
motor. The present invention includes an embodiment in 
which the field system thereof mentioned above as a 
rotor is a stator. 

The output torques and torque ripples calculated by 
a simulation analysis for a synchronous motor provided 
with a magnet having the above-mentioned profile or a 
synchronous motor provided with a prior magnet shown in 
Fig. 3 is shown in Fig. 5 or Fig. 7. Figures 4 and 6 
respectively show a distribution of a magnetic flux in 
the gap. Each torque ripple 20 or 22 in Fig. 5 or 7 is 
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shown on a scale ten times larger than the corresponding 
mean output torque T^ or T 2 . A direction from the left 
to the right in Fig. 3 is the circumferential 
direction H of a rotor, and a pitch dimension of 
disposed magnets MP is il. The prior motor has 108 
slots and 24 poles similar to the motor provided with 
the compared magnet Ml shown in Fig. 1. The dimension 
JLl corresponds to 4*5 slots, and dimensions ml and m2 
correspond to 4 * 0 slots and 1.1 slots, respectively. An 
axial length Wl is the same as the length Wl shown in 
Fig. 1, and the ratio W2/W1 is 0.05. The ratio T1/T2 
where Tl indicates a mean output torque when the magnet 
Ml shown in Fig. 1 is provided to a synchronous motor/ 
and T2 indicates a mean output torque when the magnet MP 
shown in Fig. 3 is provided to a synchronous motor is 
1.71/1.51. The ratios of torque ripples 20 and 22 for 
the corresponding mean output torques Tl and T2 are 1.2% 
and 3.1%, respectively. 

As mentioned above, the dimension Wl of the magnet 
Ml according to the present invention shown in Fig. 1 is 
the same as the dimension Wl of the prior magnet MP 
shown in Fig. 3, so that the maximum densities of a 
magnetic flux in the gap are the same. Therefore, an 
output torque is raised and the torque ripple is reduced 
when a magnet according to the present invention is 
used. 

Another synchronous motor is shown in Fig . 8 as a 
second embodiment, wherein a yoke 30 is held between 
magnets 32. In this case, a yoke 30 acts as a magnetic 
pole, and a profile of an outer surface 36 of the 
yoke 30 was obtained from the following equation of the 
prior art to make a distribution of a magnetic flux in 
the gap between the yoke and an armature 34 sinusoidal, 
r = R - 5/cos(m*0) 

wherein , 

r: a radial dimension from a center of a 

field system to the outer surface 36 of 
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the yoke 30 , 
R: an inner radius of the armature 34, 
6z a dimension of a gap between the outer 
surface 36 of the yoke 30 and an inner 
surface of the armature 34 on a center 
line CL of the yoke 30, 
6 : an angular position of a radial line 
designated by r on the basis of an 
angular position of the center line CL, 
m: 1/2 of the number of poles . 
A distribution of a magnetic flux in the gap is 
sinusoidal, due to the profile of the outer surface 36 
of the yoke 30, but a torque ripple is not increased 
even though higher harmonics of 3»N order are superposed 
on the sinusoidal distribution of a magnetic flux as 
explained above. Namely, a substantially trapezoidal 
distribution of a magnetic flux may be generated, and 
for this purpose, an outer surface of the yoke 30 has a 
profile such that a gap dimension is constant between a 
center position CL and position P8, and therefrom is 
linearly increased up to an end point P9 of the yoke 
different from the prior outer surface 36. When a 
synchronous motor has 108 slots and 24 poles as in the 
f orementioned simulation analysis and an arrangement 
pitch of every two adjacent magnetic poles is expressed 
by an electrical phase angle of 360 degrees, it is seen 
by a simulation analysis for the synchronous motor where 
an angular position of the end point P9 of the yoke 30 
on the basis of the center line CL corresponds to an 
electrical phase angle of 70 degrees that the case in 
which the angular position P8 on the basis of the center * 
line CL corresponds to an electrical phase angle of 6 0 
degrees is the best. 

The effective amount of a magnetic flux can be 
increased without change of the maximum density of a 
magnetic flux in the gap in the synchronous motor shown 
in Fig. 8 and Fig. 1. The maximum density of a magnetic 
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flux in the gap when the yoke has a profile according to 
the present invention is reduced compared with the yoke 
having the prior configuration shown by the line 36 
while a magnet 32 in the prior art is the same as in the 
present case. Therefore , a trapezoidal distribution of 
a magnetic flux can be generated which has a maximum 
density of a magnetic flux which is less than the 
maximum density of a magnetic flux having a sinusoidal 
distribution produced by the prior yoke, and a generated 
amount of a magnetic flux also can be increased, for 
example, by making the magnet longer in the radial 
direction of a field system. 

It is apparent from the foregoing description that 
an amount of a magnetic flux can be raised without 
raising the maximum density of a magnetic flux, 
according to the present invention, so that an" output 
torque can be effectively increased and a synchronous 
motor having a three-phase star connection, which is 
supplied with a sine wave power' and reduces torque 
ripple, can be provided. 
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CLAIMS 

1 . A synchronous motor supplied with a sine wave 
power, which motor has a three-phase star connection and 
a field system having an N-pole and an S-pole 
alternately arranged thereon, characterized in that a 
distribution of a magnetic flux in a gap clearance 
between an armature and the field system is produced by 
summing up a sine wave having a fundamental period which 
corresponds to a pitch at which a pair of magnetic poles 
consisting of the N-pole and the S-pole are arranged 
adjacent to each other and higher harmonics of three 
times order of a natural number N. 

2. A synchronous motor according to claim 1, 
wherein said field system has a plurality of magnets 
stuck onto a surface thereof, each of which has the 
shape of a parallelogram. 

3. A synchronous motor according to claim 2, 
wherein the maximum angular width of each of said 
magnets which is arranged along an arc of said field 
system coincides with a pitch of said magnets along said 
arc . 

4 . A synchronous motor according to claim 1 , 
wherein said field system is a field system having a 
yoke held by magnets, and wherein a gap dimension 
between said yoke and an armature is constant between a 
central angular position of said yoke and a prescribed 
angular position, and increases linearly from the 
prescribed angular position up to an end position of 
said yoke . 
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Fig. 6 




Fig.7 
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Fig. 8 
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